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We report on a novel electro-optic device for the diagnostics of high repetition rate laser systems. It is
composed of a microwave receiver and of a second order nonlinear crystal, whose irradiation with a train10
of short laser pulses produces a time-dependent polarization in the crystal itself as a consequence of optical
rectification. This process gives rise to the emission of microwave radiation that is detected by a receiver and
is analyzed to infer the repetition rate and intensity of the pulses. We believe that this new method may
overcome some of the limitations of photodetection techniques.
Mode-locked lasers with multi-gigahertz repetition15
rates are needed as key components in several
applications1. They deliver pulses with duration rang-
ing from picoseconds to a few femtoseconds, with aver-
age output power up to several watts2. The peak power
can be so large to induce a nonlinear response in opti-20
cal crystals, even without the use of additional optical
amplification stages3.
Autocorrelation techniques4,5 are typically used to
measure the single pulse duration, whereas the repetition
rate of the pulses is determined by commercially available25
ultrafast photodiodes. Their bandwidth is increased by
reducing their active area and, as a result, their dam-
age threshold is lowered while making them harder to
align in absence of an input optical fiber. Besides, the
high frequency response of the photodiodes is ultimately30
limited to a few GHz by long time tails in their out-
put signals6, although photodiodes have been built with
bandwidth up to 100 GHz7. It is also worth noticing that
laser oscillators have achieved repetition rates that can-
not be detected by state-of-the-art photodetectors2. 16035
GHz repetition rate pulses, corresponding to 6 ps time
separation, cannot be detected even by high-speed inter-
digitated detectors6, whose best fall time is reported to
be of the order of 30 ps.
In the present work we describe a new diagnostic tool40
to characterize trains of high repetition rate laser pulses.
The device is cost-effective and overcomes some limita-
tions of state-of-the-art detection techniques. Moreover,
in the transparency window of the nonlinear crystal used,
for instance in KTP 350− 4400nm, its response is wave-45
length independent. Its application to a master oscillator
power amplifier (MOPA) laser system is also described.
The active element of the device is a nonlinear crystal
mounted inside a microwave receiver R, either a cavity or
a waveguide, as shown in Fig. 1. Laser pulses delivered50
by a mode-locked laser produce a time-dependent polar-
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FIG. 1. Schematic diagram of the presented device. L denotes
the laser system, Xtal the second-order nonlinear crystal, λ/2
the half-wavelength plate. R, the receiver, can be a cavity C
as shown in option (a) or a waveguide WG as in (b). z is the
laser propagation direction. The microwave signal generated
by OR is detected by an antenna A in cavity C, or at ports
P1 and P2 of a waveguide WG and fed to a sampling scope.
ization in the crystal as a consequence of optical rectifi-
cation (OR)8. This polarization is source of microwave
radiation9 that can be transferred to any receivers with-55
out the bandwidth limitation of photodetection.
In order to explain the device working principle, we
use a simplified scalar model of the OR phenomenon, al-
though the nonlinear electro-optic coefficients have ten-
sor nature10. During each pulse of duration τ the laser60
electric field E(t) = E0 cosωt induces in the crystal a
nonlinear polarization:
PNL(t) = 2dE20 cos
2 ωt = dE20 + dE
2
0 cos 2ωt (1)
where d is the scalar second order nonlinear coefficient
2and ω is the angular frequency of the laser light. The65
last term in Eq. 1 is responsible for second harmonic gen-
eration (SHG), whereas the first one, P0 = dE
2
0 , is the
result of OR. The pulse train delivered by a mode-locked
laser has a frequency spectrum consisting of a series of
discrete, regularly spaced lines11. P0 can also be ex-70
panded in Fourier series P0 = dE
2
0
∑
m
pm cos (mωRFt).
ωRF = 2piνRF, where νRF is the repetition rate of the
pulses. Assuming that they are rectangular, the expan-
sion coefficients are pm ∝ (T/mpi) sin (piτ/mT ), in which
a unitary phase factor has been dropped. T = 1/νRF is75
the time interval between the pulses. The strength ERF
of the radiated microwave electric field is proportional to
the second time derivative of the polarization P¨0
12,
ERF ∝ P¨0 = −dE
2
0ω
2
RF
∑
m
m2pm cos (mωRFt) . (2)
Note that the radiated field is expected to be quadratic80
with ωRF so that the detection efficiency increases with
increasing the laser repetition rate.
The emitted microwave radiation can be measured by
placing the nonlinear crystal in either a cavity or a waveg-
uide, as shown in Fig. 1. The laser beam to be character-85
ized is allowed to impinge on the crystal by entering the
receiver R through an aperture whose diameter is equal
or slightly larger than the laser beam waist. In both re-
ceivers, the amplitude of the microwave signal observed
in the time domain is linearly proportional to d and to90
the laser beam intensity I ∝ E20 . The cavity is designed
to act as a tuned receiver at the first harmonic of the
train whereas the waveguide configuration allows wide-
band detection of the generated radiation. Besides, the
coaxial waveguide is a favorable geometry because it has95
no lower cutoff frequency and this allows detection also
of low frequency instabilities in the laser intensity18. Ap-
plication of the present device to the detection of much
higher repetition rates in pulsed laser systems could take
advantage of the availability of commercial waveguides100
up to the D band (90− 180GHz).
The device has been tested with a MOPA system. It
consists of (1) a CW Nd:YVO4 oscillator that produces
a continuous train of 12-ps pulses at 1064-nm wave-
length with an adjustable repetition rate in the range105
4.6GHz < νRF < 4.7 GHz, (2) an acousto-optic mod-
ulator (AOM) that slices out a programmable duration
train of optical pulses, and (3) two amplification stages13.
The average output power of the mode-locked oscillator
is 20 mW, whereas the single pulse energy of a few pJ110
can be amplified to 10 µJ in trains of 500 ns duration.
The beam area is set to ≈ 7 mm2 and the beam intensity
has been varied during the present measurements from a
few tenths up to several MW/cm2.
The KTP (potassium titanyl phosphate, KTiOPO4)115
crystal used (EKSMA Optics) is a parallelepiped 4× 4×
10mm3 in size whose long axis is aligned in the direction
z of the laser propagation. An half wavelength plate is
used in our measurements to align the laser beam po-
larization along the direction of the largest second order120
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FIG. 2. Spectrum of the microwave signal generated by∼
4.6GHz repetition rate pulses impinging on a KTP crystal
placed inside a coaxial waveguide as shown in Fig. 1(b). The
spectrum extends up to the sampling frequency of the oscil-
loscope (LeCroy model SDA 820Zi-A, 20GHz oscilloscope).
electro-optical coefficient d33 = 15.7 pm/V, which lies in
the input face of the crystal. Note that the microwave
signal can be made independent of the laser beam polar-
ization, provided the nonlinear crystal is properly cut9.
125
In order to minimize the impact of the device on the
laser beam that passes through it, the crystal is cut in
such a way not to satisfy the phase matching condition
for SHG. In this way the efficiency of SHG is reduced
below 1%.130
The spectrum of the microwave signal generated in-
side a coaxial waveguide receiver, is shown in Fig. 2. As
it is well known, the coaxial line supports higher order
TE and TM waveguide modes in addition to the TEM135
mode. Our coaxial line has been designed so as to sup-
port the TEM mode up to approximately 13GHz, and
observation of the first four microwave harmonics of the
train of pulses (up to approximately 18.6GHz) was pos-
sible trough propagation of TE and TM modes.140
As an example of narrow bandwidth detection, we
show in Fig. 3 the microwave radiation received in a rect-
angular cavity, designed so as to sustain a TE111 mode
resonating at an adjustable frequency around 4.65GHz.
In this way, the cavity selects the first harmonic νRF of145
the train of pulses. The emitted radiation excites the
cavity mode and is detected by a critically coupled in-
ductive loop, whose output is V (t) = VRF cosωRFt. The
detected signal reaches 90% of its stationary value in a
time τc that is determined by the loaded quality factor150
of the cavity QL ≈ piτcνRF. The copper cavity used has
QL ∼ 1000, yielding τc > 100ns. No such rise time limi-
tation is to be expected if a waveguide is used, instead.
To characterize the performance of our detector we de-
fine a laser intensity-based figure of merit F as:155
F = VRF/I ∝ Gdω
2
RFΩ (3)
3FIG. 3. Microwave signal detected in the cavity and its
Fourier transform in the inset. A peak corresponding to the
repetition rate of the pulses νRF = 4.662 GHz is shown. The
laser macro-pulse duration is 400 ns.
where G is the overall microwave amplifier gain and Ω
is the detector active volume, i.e., the smaller between
the crystal volume Ωc and the optical volume Ωopt. In
case of a gaussian beam, Ωopt = piw
2lopt, where w is the160
beam waist and lopt = cτ/n is the optical length of the
laser pulse, with n index of refraction of the crystal. In
our measurements Ωopt ≈ 12 mm
3
≪ Ωc = 160 mm
3.
Using a 38 dB gain microwave amplifier (Miteq, model
AMF-4D-00112022-10P), signals corresponding to a laser165
intensity ≃ 200 kW/cm2 were observed at the oscillo-
scope, corresponding to F ≃ 5 · 10−2 V/[MW/cm2]. Ad-
ditional microwave amplification stages can be employed
to further decrease the detection threshold, provided the
laser intensity I is sufficient to excite the nonlinear re-170
sponse of the crystal. Therefore we expect that the
present device can be used to monitor the CW laser emis-
sion from the recently developed mode-locked oscillators
with multi-gigahertz repetition rates1.
We now describe an application specific for MOPA sys-175
tems, in which only a finite number of pulses from a seed
laser is amplified. The selected pulses envelope shape
(macro-pulse) can be severely distorted during amplifi-
cation due to gain saturation effects14. To compensate
for this effect, the input drive signal of an acousto-optic180
device is properly shaped by a function generator15. In
order to accomplish this task it is crucial to have a de-
tector that faithfully reproduces the pulse train.
In Fig. 4 we show a comparison between the per-
formance of the present device in the previously de-185
scribed coaxial waveguide configuration and of commer-
cially available fast and ultrafast photodetectors (PD).
The fast PD has a time response of the order of 1 ns,
whereas we measured a fall time of 15 ps in the case of190
the ultrafast PD. The output pulse duration of the lat-
ter was measured using a Ti:Sa femtosecond laser (model
Avesta TiF-50) whose repetition rate is of the order of
FIG. 4. (a) Microwave signal obtained in the wideband re-
ceiver configuration shown in part (b) of Figure 1. (b) Ag-
ilent 8474B planar-doped barrier diode detector output. (c)
Ultrafast photodiode response (Advanced Laser Diode Sys-
tems, 11 ps rise time). (d) Response of the fast photodiode
(DET10A/M Thorlabs Si biased detector, 1 ns rise time). The
amplitude of all the signals is displayed in Volts.
80MHz. It is worth noticing that the ultrafast PD sig-
nal output voltage is not zero unless a time interval195
greater than 300ps is elapsed. The plots in Fig. 4 (a)-
(d) are recorded simultaneously. The intensity of each
pulse is 200 kW/cm2. To obtain the waveform shown in
Fig. 4(a), the microwave signal generated by the crystal
in the waveguide is directly fed to a sampling oscillo-200
scope (LeCroy WaveRunner 6000A, 6GHz bandwidth)
connected to port P1 of the waveguide, as indicated in
Fig. 1. A rectifying diode is connected to port P2 to
get the signal shown in Fig. 4(b). Commercial planar
doped barrier diodes are available that have frequency205
response up to 50 GHz, and some diodes have been de-
veloped with response up to 94 GHz16. Therefore our
device can potentially be used to monitor the envelopes
of high repetition rate optical pulse trains without the
use of expensive high-speed sampling oscilloscopes. The210
observed rise time of the signal, of the order of 30 ns,
is determined by the AOM bandwidth. No limitation
in the device’s response time is expected because of the
electronic nature of the crystal response9.
The voltage waveform output of the ultrafast PD is215
shown in Fig. 4(c). Since its response time is much
smaller than the time interval between the laser pulses
(∼ 120ps), its output displays the expected fine struc-
ture. However, we note that the voltage peaks increase
with time, thereby indicating an apparent increase of the220
optical pulse intensity. This intensity increase is in con-
trast with the information given by the present device,
as shown by the waveforms in Fig. 4(a) and 4(b). This
discrepancy might be explained by considering the long
time tails in the optical pulse response of the photodi-225
odes. This long tail degrades the ability of the photodi-
ode to accurately monitor high repetition rate laser sys-
tems. Incidentally, the output from the fast PD shown in
Fig. 4(d) likewise shows a gradual increase in the height
of the pulse envelope.230
4Very recently the fall time of the output signal has
been reduced in high-speed photodetectors6, but long
time tails have not been shortened significantly. It is
worth noticing that the fall time to 5% of the peak am-
plitude is still comparable to 200 ps and a 5% residual235
level might still be an issue when monitoring multi-GHz
train of pulses.
The spectra of the signals displayed in (a) and (c)
are compared in Fig. 5. They are practically the same,
thereby demonstrating that the present device can be240
equally well used as frequency counter in replacement of
a more expensive ultrafast photodiode.
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FIG. 5. Comparison between the FFT of the output sig-
nal from an ultrafast photodiode (top) and of the microwave
emission signal in the coaxial waveguide (bottom). The ultra-
fast spectrum has been upwards shifted by 30 dB for visibility
purposes.
In conclusion, we have described a novel approach to
the characterization of high repetition rate laser pulses
that overcomes one of the limitations of state-of-the-art245
ultrafast photodiodes, i.e. the issues related to their long
time tails in the detection of multi-GHz repetition rates.
The present device is simple and cost-effective: only a
commercially available nonlinear crystal and a receiver
are necessary for its deployment. It is easy to use and250
does not require time-consuming alignment procedures.
The device can be mounted in-path and without interfer-
ing with the optical beam properties of the laser output.
It can act simultaneously as both an optical pulse repeti-
tion rate detector and, if properly aligned and calibrated,255
a laser intensity monitor. The definition of a figure of
merit according to eq. 3 allows intensity measurements
from the amplitude of the microwave signal once an abso-
lute measurement has been performed with a bolometer.
The microwave radiation that is generated by the non-260
linear crystal under the action of the laser pulses is in-
dependent of the optical wavelength and its responsivity
extends to spectral regions not accessible by photodetec-
tion techniques. This characteristic is only limited by the
transparency window of the nonlinear crystal chosen.265
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